Binuclear iron(III) spin-crossover complexes, [Fe 2 (salten) 2 (az)](BPh 4 ) 2 (1) and [Fe 2 (salten) 2 (cc)](BPh 4 ) 2 (2) (H 2 salten = 2,2'-[iminobis(3,1-propanediylnitrilomethylidyne)]bis-phenol, az = 4,4'-azobis-pyridine, and cc = 4,4'-(1,2-ethenediyl)bis-pyridine), and mononuclear iron(III) spin-crossover complexes, [Fe(pap) 2 ]ClO 4 · H 2 O (3) (Hpap = 2-(2-pyridylmethyleneamino)phenol) and [Fe(qsal) 2 ]NCSe ⋅ CH 2 Cl 2 (4) (Hqsal = 2-[(8-quinolinylimino)methyl]-phenol), were synthesized and characterized by single-crystal X-ray diffraction, Mössbauer spectra, magnetic susceptibilities, and electronic spectra. The structures of 1 and 2 were determined in the low-spin state, at 100 K and the high-spin states at 298 K. The complexes 1 and 2 exhibited the spin-crossover behavior; gradual and rapid spin interconversion was observed by means of Mössbauer spectroscopy at 293 K. The structure of 3 in the high-spin state was determined at 293 K. The complex 3 exhibited the abrupt spin transition with thermal hysteresis (T 1/2 ↑ = 180 K and T 1/2 ↓ = 165 K). The time dependence of the magnetism and the frozen-in effect were observed for the complex 3. Furthermore, light-induced excited spin state trapping effect was observed for the first time for iron(III) complexes. The structure of 4 in the low-spin state was determined at 200 K. The complex 4 exhibited a wide thermal hysteresis loop of 180 K (T 1/2 ↑ = 392 K and T 1/2 ↓ = 212 K) in the first cycle, although the hysteresis loop observed for the first cycle is apparent ones. Following the first loop, it shows a two-step spin transition in warming mode (T 1/2 (S1)↑ = 215 K and T 1/2 (S2)↑ = 282 K) and a one-step spin transition in cooling mode (T 1/2 ↓ = 212 K).
Introduction
The first transition metal complexes with d 4 , d 5 , d 6 , and d 7 electron configurations are usually classified into two categories according to the strength of ligand field against the mean spin-pairing energy, i.e., high-spin (HS) and low-spin (LS) complexes. Iron(III) ions are transition metal ions with five d electrons. When an iron(III) is coordinated by six donor atoms of ligands, the complex forms an octahedral conformation. The octahedral ligand field splits according to the Tanabe-Sugano diagram. 1 If the ligand field strength is comparable to the mean spin-pairing energy, the complexes exhibit a spin-crossover (SC) behavior between HS ( 6 A 1 ) and LS ( 2 T 2 ) states by external perturbations (temperature, pressure, or light). Since Cambi first observed the SC phenomenon for tris (dithiocarbamato) iron(III) complexes as the spin isomers in 1931, 2 the phenomenon has been found very often in complexes of iron(II), 3 iron(III), 4 and cobalt(II). 5 The spin transition curves of the SC behaviors exist in the various forms in solids because of long-range cooperative interactions. In particular, a number of spin-crossover iron(II) and iron(III) complexes have been studied because of the validity of Mössbauer spectroscopy.
3, 4, 6 Recently, there has been a great interest in developing novel molecular compounds whose physical properties can be controlled by illumination. 7−12 In 1984, Decurtins et al. observed a light-induced LS → HS transition, during which the molecules can be quantitatively trapped in the excited HS state at sufficiently low temperatures (T < 50 K). 13 The phenomenon is called light-induced excited spin state trapping (LIESST), the existence of the light-induced HS state for the iron(II) SC complexes was verified with optical, Mössbauer, and magnetic susceptibility measurements. 14−21 The discovery of this LIESST effect suggested that SC complexes could be used as optical switches. In the meantime a number of iron(II) complexes with light-induced long-live metastable HS states at low temperatures have been found. The difference in metalligand bond length ∆rº HL and the zero-point energy difference ∆Eº HL between the two spin states for iron(III) SC complexes are smaller than those of iron(II) complexes, and therefore the lifetime of the light-induced HS state in the iron(III) SC complexes is very short even at 5 K. 18 Furthermore, ligand-driven light-induced spin changes (LD-LISC) in the iron(II) SC complexes have been reported by Zarembowitch et al. 22 The spin transition of LD-LISC is classified in a new category, which consists in varying the ligand field strength through photochemical cis-trans isomerization of the ligand. The phenomenon has been observed by using 4-styrylpyridine derivatives at relatively high temperature as 140 K.
However, the number of the optically switchable molecular solids reported until now has been quite small. This is a reason why the strategy to achieve photo-induced switching in a solid state system has not been clarified yet. One of the requisites of optically switchable compounds is that they have nearly degenerate electronic states. Furthermore, it is known that the structural change accompanied with the switching phenomena should not be too large, because steric effects often prevent the photochemical transformation. For example, the azobenzene derivatives, which are representative photochromic molecules, do not undergo trans-cis photo-isomerization in solid state due to the steric hindrance. This means that compounds with nearly degenerate electronic states and with only small structural changes between the metastable state and the stable state are appropriate as the materials of optical switching. However, even if these requirements are satisfied, most of the compounds never show photo-induced switching behavior with long-lived metastable states. Although it is possible to produce a metastable state using such compounds by illumination, the metastable state rapidly relaxes back to the stable state through tunneling effects due to the small structural change. Some examples were observed in iron(III) SC complexes. 23−26 The excitation of a ligand-to-metal charge transfer (LMCT) band induces the spin transition from LS to HS states. However, the photo-induced iron(III) HS states rapidly revert to the original LS states through tunneling even at 5 K, because the relaxation probability from the metastable to the stable states by tunneling increases abruptly with decrease in structural change. Hence, in order to develop a variety of optically switchable molecular solids, strategies to prevent rapid relaxation from a metastable state to a ground state should be developed. We propose the introduction of strong intermolecular interactions in molecular compounds. It is thought that the cooperativity resulting from the intermolecular interaction operates to increase the activation energy for the relaxation processes, enabling the observation of a long-lived metastable state produced by illumination as is well-known for iron(II) spin-crossover system such as [Fe(ptz) 6 ](BF 4 ) 2 . 16, 17 That is, when the metastable molecular orientation reverts to the stable one, a large stress field might be built up in the compounds because of the presence of a strong binding energy between molecules. Hence, even if the structural change is small, the relaxation through tunneling will be substantially prevented.
In this paper, we describe our recent approaches for thermal and optical switching iron(III) complexes. We have prepared iron(III) SC complexes of which the structural change between HS and LS states is small and reported about binuclear iron(III) SC complexes 1 and 2 with photoisomerization ligands (Chart 1) and the mononuclear iron(III) complexes 3 and 4 (Chart 2) exhibiting LIESST effect and large thermal hysteresis.
Results and Discussion
Iron(III) Spin-Crossover Compounds with PhotoIsomerization Ligands. The crystal structures of 1 and 2 were determined by X-ray diffraction at both 298 and 100 K. 27, 28 The space groups (P2 1 / c for 1 and P2 1 / a for 2) are retained for both of the HS and LS states (Table 1) . Each iron atom is surrounded by a nitrogen atom of pyridine and by two oxygen atoms and three nitrogen atoms of a pentadentate salten ligand. Vol. 3, No. 2, 2002 The bond lengths and angles of the compounds corresponding to the spin equilibrium state at 298 K and those of the LS state at 100 K are listed in Table 2 . All of the cell parameters, a, b, and c, for 1 and 2 decrease with increasing in temperature and the volumes of the unit cell at 298 K decrease 4.15% and 2.66% than those at 100 K for 1 and 2, respectively. The ORTEP views of the complexes 1 and 2 at 100 K are shown in Figures 1 and 2 , respectively. The binuclear iron(III) complex 1 in which trans-form azobis(4-pyridine) (az) acts as a bridging ligand is centro-symmetric; the diazo moiety sits on the center of symmetry. The moiety of diazo (N=N) of the cation of 1 sits on a center of symmetry and two nitrogen atoms of the diazo moiety (N(5) and N'(5)) are in a trans geometry. The iron atom of the binuclear complex is in a pseudo-octahedral coordination with a trans geometry for the two salicylideneiminato moieties (N (1) ) at 100 K showing 50% probability displacement ellipsoids. All hydrogen atoms are omitted for clarity. ) at 100 K showing 50% probability displacement ellipsoids. All hydrogen atoms are omitted for clarity. 
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1.890 (9) The magnetic behavior for the increasing and decreasing temperature sequences is practically similar to each other, and the spin transition between HS and LS states is not associated with a thermal hysteresis. The results suggest that 1 and 2 are classified as a continuous type of the spin transition. 18 The value of the magnetic moment of 1 at 350 K is larger than that of 2, i.e. the ligand field strength of 2 with cc (vinyl group) is stonger than that of 1 with az (azo group). The value of 0. 30 It is expected that the relaxation spectra with the end components (the spectra for HS or LS species) of an antisymmetric doublet are not reliably analyzed, and the spin interconversion rate for 1 could not be calculated from the spectra. However, it is expected that the spin interconversion rate between HS and LS states for 1 is faster than the inverse of the lifetime of the excited Mössbauer nuclear state (107 s The temperature dependence of the electronic spectra was measured in acetonitrile. The binuclear complexes 1 and 2 showed thermochromic behavior. Figure 6 shows the temperature dependence of the spectra for 1. At 60 ºC, the spectrum of 1 exhibits absorption bands at 405 and 470 nm with extinction coefficients (ε) of 2190 and 1740 L mol −1 cm −1 , respectively attributable to ligand-to-metal charge transfer (LMCT) bands. Hauser et al. reported that the bands with the extinction coefficients on the order of 103 L mol − 1 cm − 1 for iron(III) compounds correspond to the LMCT transitions. 31 On lowering the temperature, the absorption at 405 nm decreases in intensity and that at 470 nm shifts to a longer wavelength. The spectral change is similar to those of the spin-crossover complexes with salten reported previously. 29 The temperature dependence of the electronic spectrum is due to the spin-equilibrium between HS and LS states. The spectral changes are associated with two isosbestic points at 365 and 490 nm. Figure 7 shows the temperature dependence of the spectra for 2. At 60 ºC, the spectrum exhibits bands at 400 and 470 nm; the absorption at 400 nm decreases in intensity with decreasing temperature and that at 470 nm shifts to a longer wavelength accompanied by the decrease in intensity with lowering the temperature. The temperature dependence of the electronic spectra is also due to the spin-equilibrium between HS and LS states. The spectrum changes with a set of isosbestic points at 370 and 520 nm.
Iron(III) Spin Transition Compounds Exhibiting LIESST Effect. Strong intermolecular interaction can be
achieved by using π−π interactions as well as by using bridging ligands. 20, 21, 32−35 The iron(III) compound we focused on is [Fe(pap) 2 ]ClO 4 ⋅H 2 O (3). 36, 37 The planar ligand, pap, with corresponding π electrons, has a potential ability to interact with neighboring ligands by π−π interactions. In fact, the presence of a strong intermolecular interaction is suggested from the single crystal X-ray analysis. Single crystals suitable for X-ray diffraction of 3 were isolated by slow diffusion in methanolic solutions. The complex 3 crystallizes in the triclinic P 1 space group at room temperature ( Table 1 ). The X-ray structure of 3 revealed that the iron(III) ion has an octahedral coordination with an N 4 O 2 donor set (Figure 8(a) ). Its electronic state is hence situated just in the critical region between high-spin and low-spin states, i.e., nearly degenerate. The bond lengths of Fe-O(1), Fe-O(2), Fe-N(1), Fe-N(2), Fe-N(3), and Fe-N(4) for 3 are 1.93, 1.93, 2.11, 2.20, 2.14, and 2.14 Å, respectively. The values of the bond lengths are consistent with those typical for HS iron(III) compounds. Two tridentate ligands are found to be perpendicular to one another. [Fe(pap) 2 ] + cations form short contacts (3.50 Å) with neighboring molecules through the pyridine and phenyl rings in the ligands on an ab plane, providing a 2-D sheet extended by the π-π interactions (Figure 8(b) ). The 2-D sheets align along c axis. The water molecules and perchlorate ions exist between the 2-D sheets and are hydrogen-bonded to each other. The molecular packing of 3 is very tight. This suggests that there are strong intermolecular interactions in the molecular assembly. It should be noted that the structure of complex 3 has no remarkable features at the single molecule level compared to other typical iron(III) spin-crossover complexes.
The HS to LS conversion was followed by measurement of the magnetic susceptibility ( Figure 9 ) and Mössbauer spectra ( Figure 10 ) as a function of temperature. At room temperature, the value of χ m T for 3 is equal to 3.9 cm 3 K mol −1 . The Mössbauer spectrum for 3 at room temperature shows a small doublet (Q.S. = 1.11 mm s quenched in liquid helium, whereby the sample temperature drops from room temperature to 4.2 K within a few seconds, the HS state may be "frozen-in" and a transition to LS state is not observed even in a few days. The relaxation rate from HS to LS is quite slow. These experimental results support that strong cooperative interactions operate in this compound.
It has been reported that a broad band (from 500 to 800 nm) in UV-vis spectrum for the LS iron(III) complex can be attributed to the spin-allowed LMCT transition. 23, 24 Furthermore, Hauser et al. reported that the excitation of the LMCT band results in the transient generation of HS iron(III) fractions. 23, 24 Hence, in order to excite the LMCT band of complex 3, light (540 -550 nm) passing through a combination of IR cut-off and green filters was guided via an optical fiber into a SQUID magnetometer. The sample was placed on the edge of an optical fiber. When the sample was illuminated at 5 K, the increase of the magnetization value was observed. 40 This suggests that the transition from LS to HS was induced by illumination. The change in the magnetization persisted for periods of at least ten hours after the illumination. Figure 10 shows a series of Mössbauer spectra that were recorded at 13 K before and after the excitation with light. In order to enhance the Mössbauer spectra, 57 Fe-enriched sample was used. The spectrum in Figure 10 . χ m T versus T plots for 3. Sample was cooled from 300 K to 5 K ( ) and then warmed from 5 K to 300 K ( ) at a rate of 2 K min − 1 . Sample was warmed at a rate of 2 K min − 1 after it was quenched to 5 K ( ). 
−1 ). The metastable state could be maintained for a long time, provided that the sample was kept below ca. 70 K. The achievement of an anomalous long-lived metastable state is considered to be due to the presence of the strong intermolecular interaction. We believe that this approach may be valuable in developing novel optically switchable molecular compounds.
Iron(III) Spin Transition Compound with Wide Thermal Hystresis. Iron(III) complex [Fe(qsal) 2 ]NCSe ⋅ CH 2 Cl 2 (4) exists in the LS state at room temperature when they are synthesised in MeOH/CH 2 Cl 2 solutions. X-ray analysis was successfully carried out for the compound 4 at 230 K. Figure 11 shows that when the complexe 4 is in the LS state it crystallizes in a triclinic P 1 space group ( Table 1 The two tridentate ligands in the complexes are found to be nearly perpendicular to one another: the least-square plane of the slightly distorted qsal ligands for 4 makes a dihedral angle of 79.49°and 80.44°with one of the other qsal ligands. No counter anion NCSe − and no solvent molecules are located in the first co-ordination sphere. The crystal structure of the solvated 4 could not be determined in the HS form because the spin transition induces cracks in the crystal, making an X-ray single crystal study impossible.
The temperature dependence of the magnetic susceptibility for the single crystal of 4 was measured at a rate of 2 K min heating rate (2 K min −1 ) as for the magnetic susceptibility measurements revealed a continuous loss of mass, starting at room temperature. The decrease in mass proceeds rapidly in the temperature range 380 K -410 K. At 420 K, the mass lost is in agreement with the removal of a CH 2 Cl 2 molecule. Elemental analysis also supports the desolvation. On cooling, the χ m T value for the non-solvated compound 4 was almost constant from 400 K to 220 K, then abruptly dropped at around T 1/2 ↓ = 212 K, showing that the HS moieties were restored to the LS state. The first hysteresis loop of 180 K (T 1/2 ↑ = 392 K and T 1/2 ↓ = 212 K) is an apparent one because the desolvation occurs at elevated temperature. It should be noted that a similar large apparent hysteresis has been reported for [Fe(hyetrz) 3 ](3-nitrophenylsulfonate) 2 ⋅3H 2 O by Garcia et al. 41, 42 A second heating experiment revealed that the spincrossover takes place in a two-step manner. 43−51 The so-called "step 1" and "step 2" are centred around the temperatures T 1/2 (S1)↑ = 215 K and T 1/2 (S2)↑ = 282 K, respectively. The magnetic behavior shows that the fraction of the LS to HS spin transition in the upper step "step 2" is about twice as high as that in the lower step "step 1". Additional thermal cycles did not modify the thermal hysteresis loop. The χ m T value at the inflection point at around 250 K is 1.6 cm 3 K mol −1 . When the hysteresis widths (∆T) in "step 1" and "step 2" are defined as the differences of T 1/2 (S1)↑ and T 1/2 ↓ and of T 1/2 (S2)↑ and T 1/2 ↓, respectively, they are estimated to be 3 K (step 1) and 70 K (step 2). In order to confirm the transition of the SC, Mössbauer spectra for 4 were measured at room temperature before and after annealing at 400 K (Figure 14) . The complex was prepared with using 57 Fe to enhance the Mössbauer signal. Before annealing, a large doublet with Q.S. = 2.47 mm s −1 and I.S. = 0.11 mm s −1 for 4 was observed at room temperature, which corresponded to the LS state of iron(III) compounds. After being annealed at 400 K, a broad singlet (Γ exp = 2.21 mm s −1 ) with Q.S. = 0.46 mm s −1 and I.S. = 0.23 mm s −1 was observed at room temperature, showing that the iron(III) turns from the LS state to the HS state. This is consistent with the magnetic properties described above.
It should be noted that several examples of the two-step spin transition have been reported. Compared with these examples, the present compounds have the following important characteristics; (i) the spin transition shows a hysteresis loop, and (ii) the two-step spin crossover is observed only in the warming mode. To the best our knowledge, this kind of hysteresis behaviour has not been reported previously. Furthermore, the hysteresis width of 70 K in "step 2" is quite wide, compared with those reported elsewhere. The abrupt phase transition with the hysteresis effect suggests that a strong intermolecular interaction operates in this complex. 40 It is useful to compare the hysteresis width of the nonsolvated complexe 4 with those reported previously. 20, 21, 41−52 Several compounds with a polymeric structure have been found to display a wide thermal hysteresis. Kahn et al. reported that an iron(II) compound, [Fe(Htrz) 3 -3 x (4-NH 2 trz) 3x ](ClO 4 ) 2 ⋅ nH 2 O (x = 0.05) (Htrz = 1,2,4-1H-triazole, 4-NH 2 trz = 4-amino-1,2,4-triazole) which has a polymeric structure, displays a thermal hysteresis at the range of room temperature (T 1/2 ↑ = 304 K and T 1/2 ↓ = 288 K). 53, 54 However, the polymeric compound is not strictly molecular, as was concluded by previous studies. 41, 42, 53−55 Several mononuclear molecules have also exhibited thermal hysteresis loops. The maximum hysteresis width observed for iron(II) complexes with intermolecular π-π interactions is 40 K, 20, 21, 51, 52 which is narrower than that observed for the non-solvated complex 4. Furthermore, it has been reported that the iron(II) compound, [Fe(2-pic) 3 ]Cl 2 ⋅ H 2 O (2-pic = 2-picolylamine), exhibits the widest thermal hysteresis loop of 91 K with T 1/2 ↑ = 295 K and T 1/2 ↓ = 204 K. 56, 57 The structure of the compound has not been fully analysed yet. These previous results show that the hysteresis width of 70 K presented here 58 is one of the widest values among the spin-crossover complexes reported so far. 20, 21, 32−55 In summery, we have prepared the binuclear iron(III) complexes 1 and 2 with bridging photoisomerization ligands az or cc, and the complexes 1 and 2 exhibit spin-crossover behavior depending on temperature. The Mössbauer spectra for 1 and 2 show a doublet at 293 K, suggesting the rapid spin conversion between HS and LS states. The average bond lengths of Fe-O and Fe-N for 1 and 2 are intermediate between the typical values of the bond lengths for HS and those for LS complexes. However, it is very difficult to observe cis-trans photoisomerization for the complexes with photoisomerization ligands in solid state. We have succeeded in observing the LIESST effect for the iron(III) complex 3 for the first time. This suggests that the cooperative interactions such as π−π interactions and hydrogen bonding can prevent the rapid relaxation from the metastable state to the stable state. It is important that our approach, the introduction of intermolecular interactions to trap the metastable state, can be widely applied not only to the design of other metal complexes with LIESST effects, but also in the design of a variety of optically switchable molecular compounds. Furthermore, we have shown that the iron(III) complex 4 displays a wide apparent hysteresis in the first cycle. After the first cycle, they show a two-step transition in the warming mode and a one-step transition in the cooling mode. The hysteresis width in "step 2" after the first cycle is 70 K, which is one of the largest hysteresis effects reported so far. . 57 Fe Mössbauer spectra at room temperature (a) before and (b) after annealing at 400 K for 4. There is a small amount of LS form in the HS form after annealing, indicating that solvent molecules are still retained.
